Abstract Many factors trigger migraine attacks. Weather is often reported to be one of the most common migraine triggers. However, there is little scientific evidence about the underlying mechanisms and causes. In our pilot study, we used smartphone apps and a web form to collect around 4,700 migraine messages in Germany between June 2011 and February 2012. Taking interdiurnal temperature changes as an indicator for changes in the prevailing meteorological conditions, our analyses were focused on the relationship between temperature changes and the frequency of occurrence of migraine attacks. Linear trends were fitted to the total number of migraine messages with respect to temperature changes. Statistical and systematic errors were estimated. Both increases and decreases in temperature lead to a significant increase in the number of migraine messages. A temperature increase (decrease) of 5°C resulted in an increase of 19±7 % (24±8 %) in the number of migraine messages.
Introduction
Since ancient times migraine is a well-known neurological disorder. The main symptoms of migraine are recurring headache attacks accompanied by vegetative symptoms. In about 10 to 15 % of the migraine patients the attack is accompanied by an aura. It is estimated that about 10 % of adults suffer from migraine (Obermann and Katsarava 2008) .
Little is known about the causes of migraine attacks, though up to now at least 60 different migraine triggers have been identified (Becker 2010) . In a study with 1,750 migraine patients, Kelman (2007) found that each patient reported on average about seven different triggers. After stress, hormones (in women) and not eating, weather was the fourth common individual trigger. However, scientific evidence about weather as a migraine trigger is poor and inconsistent. A study with 238 migraine patients in Vienna could not establish significant relationships between headache risk and different meteorological parameters or synoptic weather categories (Zebenholzer et al. 2010 ). Bolay and Rapoport (2011) concluded that low atmospheric pressure alone does not trigger migraine, if unaccompanied by other factors. Yet there is evidence that some migraine patients are sensitive to meteorological parameters (e.g. Prince et al. 2004; Fukui et al. 2008; Hoffmann et al. 2011; Kimoto et al. 2011) . Analysing over 7,000 hospitalizations for headache and migraine in Boston, Massachusetts, Mukamal et al. (2009) found an increase in migraine cases with higher mean ambient temperature in the preceding 24 h or lower atmospheric pressure in the 48 to 72 h before the hospital presentation.
Since the influence of environmental parameters on health outcomes is often weak, big collectives of patients are necessary to obtain statistically significant results. As Internet and smartphone usage has increased during recent years, there is the possibility of collecting information about the health status of the population using these kinds of media. For example, Lampos et al. (2010) presented an automated tool for tracking the prevalence of influenzalike illness using Twitter messages, and Ginsberg et al. (2009) used Google search query data to track influenza epidemics.
The purpose of the present pilot study is the collection of health information via a web form and smartphone apps to investigate the effect of weather conditions on the occurrence of migraine attacks. Our primary aim is to find out whether this kind of data (i.e. collected remotely directly from the patient) can be used to establish statistically significant relationships with the atmospheric environment. Thus, we hypothesize that if we are able to establish a statistically significant relationship, web-forms and smartphone apps might be a useful tool to collect certain kind of health information for environmental studies. As ambient temperature has been found to be one trigger for migraine attacks (e.g. Mukamal et al. 2009; Hoffmann et al. 2011) , we chose the daily mean temperature differences as a measure for changes in the prevailing meteorological conditions.
Materials and methods

Migraine data
The health data for this study was collected using a web form (www.migraene-radar.de/Migraene-melden) and smartphone apps for Android 1 and iOS 2 based mobile devices. The following information was requested mandatorily for each headache or migraine message: In addition, information about age, gender and profession could be given on a voluntary basis. About 85 % of the participants filled out both the mandatory and the voluntary fields. Table 1 summarizes the additional information about these patients. In the following we restrict our analyses to the recordings of migraine attacks.
The data were collected from the 1st of June 2011 to 29th of February 2012. A total of 4,720 migraine messages were accumulated; 24 % of these messages were collected via the smartphone apps, 76 % over the web form. The information about the study itself, the web page address and the apps were spread through press releases.
3 As a consequence, some newspapers, radio and TV stations reported about the project.
As no registration was necessary, we do not know how many different persons participated in our study. Figure 1 shows the number of migraine messages per calendar week. The peaks in the distribution in calendar week 25, 36 and 44 in 2011 can be associated with the primary press release and two TV reports about the project. In January 2012 a major radio station broadcasted a report about the project, which again led to an increase in the number of participants.
Some pre-selection and data cleaning steps were performed to exclude erroneous messages.
Meteorological data
The meteorological data was obtained from the Deutscher Wetterdienst (national meteorological service). Data from 501 weather stations were available on a daily basis. Location information (coordinates, altitude), air temperature (°C), relative humidity (%) and air pressure (hPa) have been accessed for each weather station. For this pilot study, however, we restricted our analysis to the daily mean air temperature. The study period extended over three seasons, i.e. summer with average temperatures of 16.3°C , autumn (8.8°C) and winter (0.2°C). In 2011, summer was 0.5°C, autumn was 0.9°C and winter 2011/2012 was 0.8°C warmer than the reference period .
To link the meteorological data to the migraine attacks, the information of the weather station nearest to the patient was used. The nearest station was determined based on the coordinates derived from the location information of the migraine patient using Geonames 4 and the coordinates of the weather stations. For 95 % of the attacks the distance between migraine patient and weather station was less than 20 km.
Methods and results
To compare migraine messages from all over Germany, dayto-day differences in mean air temperature were analysed rather than absolute values. For each migraine attack (a i ) the maximum 3-day temperature difference was computed as follows:
& The mean air temperature for the start day of the migraine attack (T 0 (a i )) as well as the mean air temperatures of the 3 days before the attack (T -1 (a i ), T -2 (a i ), T -3 (a i )) were extracted from the weather database. & From these four values the two consecutive days (T j (a i ), T j-1 (a i )) with the maximal absolute temperature difference (ΔT max (a i )) were determined. ΔT max (a i ) results in a positive value if the mean temperature increased towards the day of the attack and a negative one if the temperature decreased.
All migraine attacks were grouped by their maximum 3-day temperature difference in intervals of 1°C (Fig. 2) .
A migraine message rate (MR) for each temperature interval was calculated by dividing the total number of migraine messages (M) (Fig. 2) by the total number of days with migraine messages per weather station (D) (not shown) in each temperature interval (Fig. 3) . We used D to normalize M rather than the total number of days in each temperature interval because of strong fluctuations in the number of messages during the observation period (Fig. 1) . These fluctuations partly depended on media announcements about the project, so that it is unlikely that they are related to the atmospheric environment.
The error bars in Fig. 3 were calculated using the formula for the propagation of the uncertainty for a fraction of two measures:
ΔD and ΔM denote the statistical errors on D and M, respectively. D and M could not be regarded as being independent, as only days with migraine message were counted. The correlation coefficient was estimated to ρ DM 00.7 by using a fit on the distribution of M (Fig. 2) and D (not shown) to estimate the numbers expected for D and M in each temperature interval. . An R 2 of 0.57 means, for example, that after In addition, the systematic error was estimated. First, the results of the fit depended on the fit range, as very high temperature differences occurred rarely and the message rate for these temperature intervals is thus afflicted with high uncertainties. Therefore, the fit ranges, which were originally between -6°C and 0°C and between 0°C and 6°C, were varied by ±1 bin. The resulting difference in the fit parameter m was taken as a contribution to the systematic error. Second, the result depends on the correlation coefficient ρ DM . So ρ DM was changed by ±0.2 and the fits were repeated. The differences in the fit results were taken as contributions to the systematic error. Table 2 summarizes the contributions to the systematic error. As they can be assumed to be independent, the maximum values of each category and direction were added quadratically.
The final results for the parameter m + (slope with increasing air temperature) and m -(slope with decreasing air temperature) including statistical and systematic errors are: The main contribution to the systematic error is caused by the low number of migraine attacks in the intervals with large temperature differences, therefore, the statistical and systematic errors cannot be regarded as being independent.
To verify the general approach, another systematic check was performed. Instead of using the mean temperatures of the 3 days preceding the attack, three concurrent days 30 days before the attack were used. As expected, no correlation between the weather data 30 days before and the number of migraine attacks could be established (Fig. 4) . Table 3 displays the lags between the onset of the migraine attack and ΔT max . Most attacks occur with a lag of 1 day. Performing a χ 2 -test on these lags results in a χ 2 -value of 2.92 corresponding to a p-value of 0.23 for two degrees of freedom. Thus, there is no statistically significant difference in the frequency of migraine attacks for the different lags. 
Discussion and conclusions
The present study supports the hypothesis that data collected via web-forms and smartphone apps can be used to establish statistically significant relationships between weather parameters and migraine. Thus, using these kinds of media to collect health information can be a useful tool in environmental epidemiological studies and can help to learn more about the relationship between health outcomes and environmental parameters. The latter have often only weak influences on human health. Thus, large datasets are needed to extract the environmental influence. In contrast to environmental information, that is often available in a sufficient spatial and temporal resolution, it is difficult to collect health information. Web-forms and smartphone apps are one possibility to get hold of large health data sets. We showed that weather changes, namely, the change of the air temperature, can be related to migraine attacks. For example, a 5°C rise in temperature leads to an increase in migraine attacks by about 20 % (Fig. 3) . Our study therefore supports the findings of Mukamal et al. (2009) and Hoffmann et al. (2011) . Nevertheless, there are individual differences in migraine triggers and not all migraine patients are sensitive to weather changes (Prince et al. 2004; Hoffmann et al. 2011 ). In addition, there is some evidence that only if several factors occur simultaneously a migraine attack is triggered. So also in weather sensitive migraine patients not every change in weather triggers a migraine attack. Our results have been statistically significant with p + and p -being 0.021 and 0.013, respectively. Nevertheless, it should be kept in mind that with our methodology it is not possible to detect causeeffect relationships.
Statistically significant results can only be obtained if the analysed data set is sufficiently large. The advantage of our study is that by using media such as a web form and smartphone apps a comparatively large number of migraine messages can be collected in a short range of time.
Within this study, we allowed the lag between air temperature change and migraine attack to be between zero (T 0 (a i ) -T -1 (a i )) and 2 days (T -2 (a i ) -T -3 (a i )) rather than to restrict ourselves to one fixed lag. The reason why we wanted to allow for individual differences in the individuals to react to the trigger "air temperature change" was that it is still not understood how trigger mechanisms work and how fast the migraine patients react. An analysis of the distribution of lags indicates that on average there was a fast reaction to temperature changes (Table 3) . Also Neut et al. (2012) found the time between exposure to a trigger and the onset of the attack to be in most cases shorter than 24 h.
The presented study has several shortcomings. The contributing patients made their diagnosis of suffering from migraine on their own. Thus, we cannot exclude that a part of the migraine messages were in fact other forms of severe headache. One drawback of most studies that collect data from Internet platforms is that the affected persons make their own diagnosis. On the other hand, this kind of data has the advantage that more patients can be reached than via their GPs or neurologists. In case the underlying trigger mechanisms for severe headache and migraine are similar, it is possible that the error made by our approach could be neglected. To estimate the error made by self-diagnosis, a prospective study with two groups of participants (one getting the diagnosis from a GP and one making a self-diagnosis) would be necessary.
In the present study, the participants were able to join and to leave the study spontaneously, so the number of participants varied. As no registration was necessary, we could not control either for the number of active participants nor for the distribution in age, gender or profession. A comparison of statistical data, shown in Table 1 , with a study of the prevalence of migraine in the United States (Lipton et al. 2001) shows, that both middle aged (20-60 years of age) and male patients are slightly overrepresented in our study. Unemployed people seem to be underrepresented (1.8 % vs. 3.1 % unemployment quote in Germany). 5 The reason could be a reduced usage of digital media by this population group.
In addition, there is the danger that only those patients submitted migraine messages to our system, who think of themselves as being weather sensitive. A selection bias of this kind cannot be excluded using web-forms and smartphone apps to collect migraine data. On the other hand, also other studies using volunteers and questionnaires have the same problem that only patients who, for some reason, are motivated (e.g. because they think they are weather sensitive) are participating.
The project has been promoted using several media channels. This leads to a fluctuating number of migraine messages depending on the promotion activities and therefore on the "popularity" of the project. We tried to take this into consideration by standardizing the M in each temperature interval by the D in the respective temperature interval.
The migraine messages were collected only in a time period of 9 months which was too short to investigate seasonal effects.
Our pilot study showed that health data collected by a web form and smartphone apps are a useful source of information. Based on this data, we obtained statistically significant results between meteorological conditions and migraine messages, and could show that changes in temperature are one trigger factor of migraine attacks. To eliminate some of the shortcomings of the presented study, a further project is planned. For this follow-up, a registration of the participants will be included and the collected data will be analysed more in detail with respect to differences in headache type or age and gender. In addition, the analyses will be extended to further meteorological parameters.
